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ABSTRACT 


In complex multiline Fourier transform nuclear 
Magnetic resonance spectra, the spin-lattice relaxation 
time, T,, May be easily measured using the LEO i= T= 90e 
pulse sequence (1). The spin-spin relaxation time, To, 
is not as accessible. The standard methods of measure- 
ment require selective excitation and precise pulse 
COntrole\ 2)”. 

An offset saturation technique has been developed 
which measures the ratio T,/T> for lines in a multiline 
Spectrum. The ratio is a sensitive probe of molecular 
dynamics; its value is usually more significant than those 
of the relaxation times themselves. This technique has 
been performed in both proton and carbon-13 FTNMR modes. 
An investigation into the motions of biologically signifi- 
cant molecules, such as adenosine 5'-triphosphate (ATP) 
and adenylyl (3'7*5') adenosine (ApA), has been carried out 
using this method. 

The measurement is simple and rapid, and does not 
pavOlVve criti Cale COnLrol. «OL (the pulisessequence 4 [nicon- 
FUNCEION, WLEn a T) determination, it provides measurements 


of the T,'s of many resonances in a Single session. 
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CHAPTER ONE 
INTRODUCTION 


The last two decades have witnessed an ever increas- 
ing utilization of NMR relaxation techniques for the study 
of molecular motions }(3,4)'." Thetcharacterization \of-motion 
solely by spin-lattice relaxation time studies requires 
relaxation measurements to be made corresponding to both 
high and low frequency regions of the spectral density of 


the motion in question; that is, in the region 


ew eed bul 


ny Sel Saal [2] 


where te is the correlation time of the motion and Wo is 
the Larmor frequency. In principle, one may vary temper- 
ature or magnetic field strength to satisfy the criteria 
expressed in equations [1] and [2]. In practice, more 
often than not, the use of these methods is limited. 

Since the introduction of commercial Fourier transform 
NMR, measurement of spin-lattice relaxation times has be- 
come a somewhat routine method of studying molecular 
structure and motion. However, T)'s are sensitive only to 
rapid motions with frequency components on the order of 


the Larmor frequency. More complete information is avail- 


able if something is known about the low frequency compon- 
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ents of the molecular motion. Consequently, there has been 


an effort to develop a method to measure T,'s by FTINMR 


2 
(5,6). The theory of spin-lattice relaxation in the rotat- 
ing frame oie has been well developed (7,8). It provides 
Similar information to T.- 

With the exception of T. data obtained from linewidth 
Measurements, neither T. nor ri techniques (9) have been 
commonly employed on multiline spectra. The reason for 
Riaseis Cue, at least, in part, to the difficulty ‘of -per- 
forming and interpreting these experiments. 

Based on the steady state solution of the Bloch 
equations with the assumption of a saturation factor great- 
er than unity, a simple offset saturation technique of 
determining the ratio T,/T, has been developed. It can be 
performed on any FTNMR spectrometer capable of homonuclear 
Overhauser or gated decoupling experiments. Nearby signals 
do not interfere; in fact, in a dense spectrum it is possi- 
ble to get relaxation data for many neighbouring resonances 
ineassaungie vun. “Che only restrictions; an this context 
are that nearby spins are not coupled nor may they relax 
each other. This condition is met by many systems of 
interest: “for example, by the histidine and natrogen base 
protons which appear at the low shielding end of spectra 
Of biologically interesting molecules. 


Samples of water at pH 11.5 and chloroform were used 


to demonstrate the technique. The coupling between the 
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chloroform hydrogen and chlorine is also calculated from 
the relaxation times obtained by the offset saturation 
experiment. This technique has been applied to explore 
the internal motions, conformations and base-stacking of 
adenosine 5'-triphosphate and adenylyl (3'7+5') adenosine 
molecules. Finally, an application of the offset satura- 
tion technique was made in the carbon-13 FTNMR mode on the 


resonances of ortho-dichlorobenzene. 
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CHAPTER TWO 


THEORY 


The most commonly employed procedure for measuring 
spin-lattice relaxation times is the 180°-1-90° pulse 
sequence. In this method, a 180° pulse inverts the mag- 
netization along the z' axis (Figure l-a). After some time 
tT, during which the partial relaxation has occurred (Figure 
1-b), a 90° pulse is applied. This rotates the magnetiza- 
tion vector into the y' axis (or -y' axis depending upon the 
relative length of 1) and a free induction decay (FID) signal 
results. This pulse program has made it possible to deter- 


Mine simultaneously the T,'s of many nuclei in a dense, 


i 
complex spectrum. 
No method comparable in utility and convenience exists 


for the evaluation of spin-spin relaxation time, T Only 


2° 
in the case of very large molecules with long correlation 
times can T, be obtained from a linewidth measurement. 

The standard spin-spin relaxation time measurement is based 
on Hahn's spin-echo technique (10). In this method, careful 
control of pulse parameters is needed. The requirement of 

a highly stable field - frequency ratio has been pointed 
Out. bye ft recianwandsiaite (lis), and errors -dueto neglecesof 
diffusion have been discussed by Allerhand et al (12). The 
errects of instabilities of pulse widths and pulse inter- 
vals have been analyzed by Weiss (13). In view of the 


wealth of possible errors which may arise from the above 
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SOUECGS,; It 15 not surprising that spin-spin relaxation 
time determinations are not as commonly reported as spin- 
lattice relaxation times. 

Measurement of either the spin-spin relaxation time-.. 
Or Ofeche ratio T/T. is essential to the study of molecular 
dynamics. Common to all relaxation processes is the kind 
of behaviour shown in Figure 2. Both Ty and T., are deter- 
mined by two factors: the strength of stochastic inter- 
action, and its correlation times, Cee The correlation 
time dependences differ outside the region of extreme 
narrowing - that is, when the correlation time is comparable 
to or greater than the inverse of the spectrometer fre- 
guency.: Initially T) and T. decrease as molecular motion 
SLOWS sUDsUNtiLwcne Limit: Of 27V oT, = 1 is reached, after 
which Ty increases and T. decreases further. 

in this useful domain, the ratio of the relaxation 
times is independent of the strength of the interaction. 


The general equations describing nuclear relaxation result- 


ing from random molecular motion will be of the form (14) 
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where 
Ci: Cor C3 aremconstants 
v = Larmor frequency of a nucleus 
a reorientational correlation time 
Ban = mean square average local magnetic field (the 


Valucrana Oligin OL -D will depend on the 


keys: 


mechanism under consideration (Appendix 1). 


If only a single mechanism is active, the relaxation 
times can yield the correlation time directly. 

One of the correct treatments of the magnetic reson- 
ance phenomenon is that of Bloch (15,16). The equations 
describe the response of the net magnetization to continu- 
ous radio-frequency irradiation at some frequency w near 
the resonant frequency Wo: In order to discuss the equili- 
brium state of magnetization M in the presence of the static 
magnetic field By and the exciting field Bo in the FT 
experiment, one needs the steady state solution of the Bloch 


equations in the rotating frame. It is 


2 
Wiel (Wo Ww) 


2s 
a - ee E iy 
fe) 2 2 Dae? 
1 + T. (Wo Oh pm ak SY Bo TT, 
\pepeeesy 
ES 2 a aaa [6] 
eet T. (Wo-w) ee BEES TT, 
1 + T° (w -w)* 


2 2 2 
et T. (wo-) + y Bo TT, 


> ae ae a ual 


f ‘ 5 
: ra “ a ee. 9 Siar: | j mY 4 D 

4 H t 7 er dah i he e.g ; “7 nf he, 7 ae 1° el ion ma “ Ge ve Ne eR: » | Be, 

: \ ; i j i y ; et Hid i 4 

ni ' ye . : ? , 0 \ i a) a) i iy ow - c eal 


. 4 i ’ 


where 


w, = Larmor resonant frequency 


B. = radio frequency magnetic field at angular fre- 
quency w 

Y = magnetogyric ratio 

T) = spin-lattice relaxation time 

T. = spin-spin relaxation time 


In linear continuous-wave spectroscopy, the saturation 


PactOr,. +E YT,T, , 1S kept much smaller than unity. Under 


Z 
such conditions where YB, YT) T. << 1, that is, the radio- 
frequency power applied is sufficiently low that saturation 


does not occur, then further simplification takes place 


and the Bloch equations become 


2 
yB5T, (Wy uw) ) 


u=M  —— ~~; [8] 
fe) 2 2 
1 + T. (Wo Ww) 
yEraer 
1 + T. (wo-) 
1 + T. (w -w) 
Mim Me 3 [10] 
1 + T. (wo-w) 


This can be seen to be a Lorentzian line centred at 
Wo With a lineswidth vat half height of 1/mT.,- The u mode 
is the associated dispersive component. Figure 3 illus- 


trates ithe u and Vv MoOdeasignals. The amplytude of the 
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v mode signal below saturation is proportional to yBoT, 


and it has a maximum when YB 2p T. equals unity. 


DE Saint 

The Bloch theory therefore predicts that NMR signal 
has two components which are 90° out of phase. The u mode 
component is in phase with the exciting field, that is, 
along the same axis; the v mode is out of phase with the 
excitation, thats, along the axis orthogonal to both the 
excitation and the static field. The Fourier transformation 
of a free induction decay of an equilibrium system also 
yields the u and v mode signals (17). 

When considering the condition where the saturation 
factor, YB, ver Te is much larger than unity, the three 
components of magnetization in the steady state are shown 
in Figure 4. A limiting behaviour exists in which the 
absorption mode disappears, and the dispersion mode, u, 
and the z component, Moe show characteristic patterns 
whose amplitudes are proportional to the equilibrium 


magnetization, M The widths of these patterns are 


O« 
determined by the saturation factor and the relaxation 
times, and most important, are much greater than typical 
field inhomogeneities. 


By rewriting the steady state Bloch equations, one 


gets 


Tee ee 
Ry Se 


RRO Ian 
RNS Th atm: 
; “ ian 7 A, : ie i" a ‘ M) 7 a 


ay ae | ey aioe: sbbn: Nv 5» a a 


A ‘ ; . ae: 


: La | 
- ae. snag, one arte i. eng Sin ‘wits, perk si Sane > cai 

POG Fe ‘5 ar Ly Puc mm 

“peumrs dl ine. ile seen toa at ‘ Ke hil: om 


ni 


‘meade one era paerte bial oy sul senna, ae aia 


a co | ‘oti caboose ih, Oa fs i. ae 


 Reoeng oh eet shah! iebesen, 
“anc elie ott ce roo pinie. ik bud ae via sai 


© \m 


rua ated o6¢. ced ” oy ‘ont, oy ‘Gelman 7 a 
nate seeker ota ‘on ‘joa coins eit Wee svc timundiall oi. 
, | a alanine act ese apie art aliede aon ‘bp — ; 


ae ns ies cago an car co } a et We vont Ag eal 


vg: ran ee ae vy Vi Lu 

y ot fl : , ‘ : } Ae, : i} Jot i ; } ? 

, ay RL ok Pent KY BS fit Tite ieee Midyear } i 
f ab ie mit if wt F v i As : i ce) t h 2 


t. { 
ipa 
es CARIN : 
vir 


| | f i | fi : : . i | uf al : : 'y : : y ; r n uw : ne | PY Mf : 
i ve Mi hy fT ae " side "y ne ae a, i re ae 


v 
: 
OG 


Bi hy. 


ap 


lee 


ola 


] 
2 
[3 


] 
8 
[1 


ui 
r ulk aM 


aaa 


sa 


we 


ans ey nope r a, 


a: 


A ye) x ei sah 


feat Rea pay 2 wo a, ibn ik ny iF : ie iv Aen a) en ait 
ace i, 4 vie t. es. cg es 


Oat MMe 


ee girane Mah aN Wilts) ae on PN wim : ; 

} em a Or ee ee ee ’ eA i iy : - 5 

1 e vi fNp! cy oe i) te Bos | iy ih sa aly sig)! ’ a id he i as i 1 7 
; \ Paty! sy a i i i 

yanks : ay J G am) Lr n : 

oni hk 4 ‘ we ne 

on) oe y : ity { : n i ne Wy J 

' a ey 

v y bh J } ce 

Win” ian Ai Mil Ar ‘ \ 

Paes hk pee i 
ee ee wee 


CP 


ae nee a 
© pt oe yi 7 ie 


7) Py ct 
a PHD 


i 
ry vr nak} ; 
7 ; 7 ue j i f ay I 5 
at aN fle 
if ry 
' i i 
! 5 tik 
: re (Aa 
A ; i a+ 
aA eT Oh 
a i 
; i 


aa ak: ae 


a 
: 
y 1 
i 


a i ae, ao oe | or i ” PAs: nied ea ci i iP 


where 


In 


II 
kK 
+ 
KH 

NO 
NO 
€ 
oO 

1 

= 
NO 

a 

~ 

tw 

rH 

FH 


= T5/T, 


= saturation factor 


= YB, YT)T, 
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[14] 


[el5)] 


[16] 
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Equatwon W315) can*be written.as 


u — 
Weeer DIMMADw | We Dein ok [15a] 


By setting the derivative of u/My with respect to dw to 


zero, one obtains, 


(S05 ee ee eye The T [17] 


min 


a 5 V0 /T [18] 


As the strong field sweeps through resonance, the 
Magnetization describes an ellipse in the xz plane. The 
result is shown in Figure 5. The residual v magnetization 
at resonance is of the order of 1/f. The residual z mag- 
netization, and the departure of its value from the approx- 
imate form, are both of the order of yee Meordes: to 
observe the z component without the interference of u 
(and sometimes v) mode signals in the neighbourhood of 
resonance, clearly the saturation factor must be larger 


than 10 and preferably 100 or more. 
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The most useful component of magnetization to FTNMR 
Spectroscopy is the z component. Figure 4(c) represents 
the steady state value of the normalized z component. If 


the saturation factor is large, from equation [14], 


1 
Tae acer ara [19] 
Oo iv B, tT 
1+ eee 
( =6))" as 28 
%o 
-2 
dk yB M 
erp & Z 2 om 
= (tee hy) a ty) [20] 


The z component has a very Simple frequency dependence. 
It goes to zero at resonance, and its departure from 
eguilibrium shows a symmetric, Lorentzian behaviour. The 
width of the dip is determined in a very simple way by the 


strength of the irradiating field, B and the ratio of the 


2° 
relaxation times, T/T: If this component can be followed 
as a function of the frequency offset of. a strong irradia- 
tion, based on equation [20], a simple analysis can be 

used to yield the ratio of the relaxation times. 


The £ull analysis of data and interpretation of 


results will be shown in the next section. 
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FIGURE 3: The absorption (a) and dispersive (b) 
components of the nuclear magnetization 
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TRAJECTORY 
OF /Myg M 


f = 82/7, Te 


Pooh Ae: 


FIGURE 5: thes trajectory of the magnetization. as 


the magnetic field sweeps through, resonance. 
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CHAPTER THREE 


EXPERIMENTAL 


Sample Purification and Preparation 


1) 


2) 


3) 


Chloroform: ollanon (chloroform-d, containing about, 1% 
[V/V] tetramethylsilane (TMS) reference standard) was 
purchased from Merck Shea We Dohme Canada Limited. 
Chloroform was added drop by drop to a sample of silanor 
until the two peaks were of roughly equal intensities. 
The sample was then degassed using five freeze - pump - 
thaw cycles. 

Water:,.A sample.of triply distilled water, was, adjusted 
to pH 11.5 with NaOH. It was transferred into a NMR 
capillary insert with deuterium oxide (D0), purchased 
from Columbia Organic Chemical Company, in the surround- 
ing 2 mm sample tube as the external lock signal. 
Adenosine 5'-Triphosphate (ATP): ATP (disodium salt) 
was obtained from Sigma Chemical Company. It was puri- 
fied by dissolving it in a minimum amount of water, and 
Passingmirt ctncougn a Chelex-l00scoiumn. ~The eluced 
solution was then freeze-dried. Enough DO and 
Ethylenediamine-tetraacetate acid (EDTA) were added 

£07 tne puri 1ecdsAlTP to prepare a: 0-08 MEATP solution 
CONntainind 2 shea as.a mole wraction, of the Ale econ 


centratron. 


dete: 


9 


4) Adenylyl (3'*5') Adenosine (ApA): A-grade ApA was 
purchased from ICN Biochemical Company and was used 
WitHOUG@eLUGiel ipUmlfications ERLOom Utseinitialtpy 3.2), 
it was adjusted to pH 7.2 with NaOD. Different concen- 


tration of ApA solutions were prepared in DO containing 


Ds 
2% EDTA. All samples were degassed in 5 mm NMR tubes 
(Wilmad) four times on a vacuum line before sealing. 

5) Benzene: Spectral-grade benzene was obtained from Fisher 
Scientific Company. It was mixed with deutero-acetone 
and was degassed via five freeze - pump - thaw cycles. 

6) Ortho-Dichlorobenzene: o-dichlorobenzene was purchased 
from Eastman Organic Chemical Company. A sample con- 
sisted of 90% o-dichlorobenzene and 10% deuteroacetone 
was prepared by mixing 1.8 ml. of o-dichlorobenzene and 


0.2 ml. of deuteroacetone in a 10mm NMR tube. The 


sample was degassed four times under vacuum. 


Column Preparation 


A Chelex-100 column with a 0.5 om. xO25i.cmiGresintbed 
was made. Chelex-100 (Bio-Rad.) was treated with 1N 
hydrochloric acid, 1 N sodiumhydroxide and methanol and 
PiyscauwithvytrcEply: distilledGwatergafter the acid and base 
treatment. The resin in the Nat form was then equilibrated 
with 0.05 M tri-hydroxymethyl-aminomethane (TRIS) (Schwartz- 


Mann) /°0.2°M°potassium! chloride (Fisher), pH = 97) (18). 
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Tosminimize.the effect.of paramagnetic impurities on 
the relaxation measurements, all the glassware (NMR tubes, 
storage containers, micropipets,.etc.) sed in these 
experiments was washed initially with soap and water. It 
was then immersed in concentrated nitric acid for at least 
five hours. All glassware was thoroughly rinsed with suf- 
PIC1eEntE amount, OLr distilled’ water.) |)Einally 1t was irinsed 
Dy sa SOlution of O21) M EDTA and 0.5 M sodium hydroxide. 

All quoted pH values are uncorrected pH meter readings. 
For D,0 solutions, pD may be obtained by added 0.4 to the 


uncorrected pH values (19). 


Proton Nuclear Magnetic Resonance Experiments 


Proton chemical shifts, spin-lattice relaxation times, 
spin-spin relaxation times, calibration of the rf irradiat- 
ing field as well as offset saturation experiments were 
measured in the Fourier transform mode at 100.0 MHz using 
the Varian HA-100-15 NMR spectrometer interfaced with the 
Digilab FTS/NMR-3 Fourier transform system including the 
FTS/NMR 400-z pulse unit and the Nova 1200 computer. The 
temperature was controlled to within 1°C using the Bruker 
B-ST 100/700 temperature controller. 

The deuterium resonance from either D,0 or deutero- 
acetone ware used for the lock signal. Depending on the 
SigniaeLo moses ratio, .l..to 20 free ginduction decayesignals 
were collected for each spectrum. The sweep width for each 


spectrum and the number of data points were chosen to give 


a resolution of 0.25 Hz per data point. 
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Spills battice: Relaxation ®Times 


The spin-lattice relaxation times were measured using 


Lhe 1058-1" = 90° )Ptwot pulse Sequences’! the 90% t pulse 


width was 43 usec. 


Spin-Spin Relaxation Times 

The spin-spin relaxation times were evaluated using 
the Carr-Purcell-Meiboom technique. The sources of error 
which may arise in the determination of spin-spin relax- 
ation rates include a variety of constant pulse imperfect- 
ions, inhomogeneity of the magnetic field, instabilities 
mspuLSe timing and effects of-ditfrusiron (6,12713)4* “These 
were minimized by satisfying the following conditions. 

1) All pulse rotation parameters were kept within 5° of 
ideal Carr-Purcell-Meiboom conditions by keeping the 
time-base constant. 

2) The resonance frequency did not change relative to the 
cransmitcterr rt requency by more than I '’—"2"Hz=for at least 
a few hundred seconds. 

3) Effects of diffusion through external field gradients 
were kept negligibly small by maintaining a constant 
non-spinning resolution as high as possible. The sam- 
ples were not spun since the linewidths were better than 
Onan Z. 

The-abillity=to=reproduce Vold's degassed benzene T., 

Value’ or twenty seconds (6)”contirmed=the™accuracy oOf* the 


spin-spin relaxation rates reported in this context. 
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Chemical Shift Measurements 
The chemical shifts of the two adenine H-2 and the 


two adenine H-8 protons of ApA were calibrated with respect 


to TMS external reference. 


Calibration of RF Irradiating Field 


For the calabration of ‘the rf irradiating field and 
offset saturation experiments, Hewlett-Parkard 5100 B 
external frequency synthesizer was used as the source of the 
rf irradiation. This was driven by a Hewlett-Parkard 5110 B 
synthesizer driver which in turn was driven by the 1 MHz 
output from the Digilab 10-94 synthesizer. This arrangement 
Minimizes the relative frequency drift between the Digilab 
frequency synthesizer and the external synthesizer; it was 
less than 0.01 Hz over a period of six hours. The output 
of the HP 5100 B synthesizer was fed to a 230 A Boonton 
Radio, Co. amplifier through a ri vattenuator. Finally) the 
output of the power amplifier was fed to the probe in 
parallel with the output of the Digilab 400-2 pulse unit. 

For the measurement of the irradiating field, usually 
expressed in Hz as yB,/21, the sharp isolated resonances 
of water or benzene were employed. The field was measured 
by the Baldeschwieler single spin double resonance 
method (20,21), which in favourable cases is capable of one 
or two percent precision. 

First the Sample was subjected to a strong rf arra- 


diation of probe input power roughly 0.2 mW at a frequency 
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offset Cosme) typically 9 Hz away from the single reson- 
ance peak. This rf irradiation was maintained throughout 
the calibration. A single 90° pulse was then applied and 
the Fourier transform of the response was recorded. At 
least two spectra were recorded for each frequency offset 
Ely savas) and myo ow and appropriate averages were taken. 

A typical experimental spectrum of the calibration of 
Gigarredating tield 1s shown ino Figure 6.” -It) consists ‘of 
two transitions symmetrically placed on either side and 
inverted with respect to each other. The feature at the 
centre consists of a superposition of the Lorentzian ab- 
sorption at W> = Wo as well as a strong rf spike due to the 
steady state response. 

The range of rf irradiating field used in all experi- 
ments was between 6 - 12 Hz in order to be safely within 
the range of limiting behaviour of the Saturation factor 
required in the previous section. With the magnitude of 
yB,/2m being 6 - 12 Hz, it is easy to measure yB,/27 using 
Baldeschwieler's double resonance method by knowing the 
frequency offset om’ 6 Of sthe sipirradiatbionyand the ssep— 
aration,ofsthe two transitions Ay (Hz). .,The value -ocf +B 


Z 


can then be calculated using the equation, 


2 2 
=A yea (73/27) [19] 
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Proton Offset Saturation Experiments 


The pulse sequence for the offset saturation experiment 


is shown below. 


rt arradration 


BAA kee 
7/74 


90° observation 


pulse 
FID acquisition | 


0 Tine ——~ 


The spin system is equilibrated for an adequate time 


(about 5ST on the order of a minute, usually) to achieve 


ie 
a steady state with respect to the strong rf irradiation at 
Vor displaced a few Hz, Moga) es from resonance. The strong 
irradiation is shut off and a 90° analysis pulse is then 


applied p~-and “thesMourier transform spectrum of the resulting 


free mnduction decay us obtained.” “in-the course “of a run 
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only the frequency offset, Vomvet is varied to traverse 
thes line) Ofyinterest. «All.octhers parameters, including the 


strength of, the arradiating, fields B and all the charact- 


2! 
eristics of the analysis pulse and transform, are kept 
constant. 

Figure 7 shows the results of a typical offset satura- 
Lon, experiment) sin ithis).case, for water at pH 11.5. The 
normalized z component shows the expected Lorentzian de- 
parture from unity in the neighbourhood of resonance. The 
analysis used only the points for which the normalized z 
componentawassanathe range 0.3,to)0s7e for reasonsstoido 
with experimental precision; the full analysis is presented 
in Appendix 2. 

The values of spin-lattice relaxation time, spin-spin 


relaxation time and the offset saturation experiment for 


the adjusted pH 11.5 water sample are tabulated in the 


following Table l. 
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Meiboom (22) has shown that the spin-lattice and 
spin-spin relaxation times are essentially equal at pH 
greater than) 9.5 for natural water (0.037% gee From 
Table 1, the deduced ratio T/T. is satisfactorily close 
to the expected value; it also accords with the relax- 
ation times which were individually determined for this 
sample by standard methods. 

Six determinations of the ratio T/T. Lom thisswater 
sample gave an average of 0.99 with a standard deviation 
0.09. This is consistent with estimates of standard 
deviations estimated from an analysis of the experimental 
error in Bo, My and M. as shown in Appendix 2, which 
suggest precision of the order of 10 to 15 percent. This 
is essentially the state of the art for relaxation time 
measurements (2,14). 

The following are some practical considerations which 
arose during the development of the technique: 

1) The samples are not spun in order to avoid spinning 
side bands which might interfere with the calibration 
Ot “hesrtsirradiatingyifield B.- 

2) An alternative way of calibrating B. 1S tospertorm) the 
offtsetysaturation, experiment, ythat is ,thes,one just 
described, on a sample whose relaxation time ratio is 


known. | lhneepHel...5 awatersresonancespeakiyserves web) 


for»this purpose. 
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It is important to remember that the analysis is based 
on two assumptions that the magnetization is in fact 

showing limiting behaviour described by equation [20], 
and that one is in fact observing the z magnetization. 


The size of the saturation factor is important as shown 


in Figure 5. The residual v magnetization at resonance 
is of the order of 1/f, where f£ = YB, yTjT, w'4The 


residual z magnetization and the departure of its 
value from the appropriate form, are both of the order 
of We cae Clearly the saturation factor must be larger 
thane lO @and*preterably around 100 (Appendix 3S) eit 
turns out that, for reasonable relaxation times (of 
the order of a few seconds), such a saturation factor 
requires irradiating with a field, measured as 

YB,/21, of only a few Hz. Such values are routinely 
available, since they are those used for homonuclear 
decoupling. 

It is important to ensure that the analysis pulse is 
exactly 90 degrees. There are large u (and sometimes 
v) mode signals in the neighbourhood of resonance, 
where the z component that is measured is small; an 
inaccurate analysis pulse will mix the u mode signals 
WIth che sagnat that One wants) CO= Observe. ft turns 
out that the approach of the observed signal to Zero 
near resonance and the Cm) behaviour are a good test 
that both of =the=sest two. conditions have been? fuktill-— 
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One must be careful about the phase of the FID trans- 
form with respect to the analysis pulse. Since the 
analysis Signal at Va is randomly phased with respect 


tosthetequilibratingsfieldyy the out of’ phase com- 


2! 
ponent of the transformed FID will contain an inde- 
terminate mixture of u and remnant v mode signals. One 
may bevablestogdiscraminatelsatistactorilyeaagainst 
out of phase signals, because the phase relationships 
established in measuring Mos with B. off, were stable 
throughout the run. With weak signals one may take 
advantage of the fact that the out of phase component, 
having random phase and odd parity, will tend to 
average to zero as FID's are accumulated. It would be 
better still if a short homospoil pulse were applied 
after B. is shut off and before the analysis pulse. 

Up to now our spectrometer does notesyet |have-one: 

In order to minimize the residual rf spike which might 
complicate the measurement of the z magnetization, the 
amount of coupling between the transmitter and the 
receiver coil has to be reduced by adjusting the 
mechanical leakage to a minimum. 

One must be careful about the magnitude of the spin- 
lattice relaxation time of the resonance peak. Since 


the spin systemmneeds a time’ period of 5ST s to equil-— 


it 


ibrate in order Go achieve a steady state with respect 


POmtene ris wrrad ration, ot che value o1 T, is in the 
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Oordernfor “30 "sec. or Over pan instrumental limitation 
will be imposed on the offset saturation technique. 

In most commercial NMR spectrometers, the maximum 
repetition time scale on the gated decoupling system 
Olay Goes up to 99 7o%seconds. = Imes cime sca he = inim1 t= 
ation on most spectrometers in fact arose during the 
EG offset saturation experiment of ortho-dichloro- 
benzene. The spin-lattice relaxation times for the 
three carbon resonances of ortho-dichlorobenzene were 
measured. The T) value for CCl (low-shielding line) 
Was) 2002 22 sec.) CCCl wasy9228* 0243 sec. and 
cece! (nhign>shielding pline)jiwass.02° 10.27 sec. 

Using the offset saturation technique, the ratios T/T» 
Weneeecas Wy eUeCterminecdaror carbons. cCCl. and CeCe. 
However, it was not possible to determine ratio T/T, 
$OGEC ADO CGl since .OnesneccusetOmequlilibtace, ticespin 
system for a time period of over 600 seconds. 

In order to overcome this instrumental limitation, 


one might install a larger time scale clock into the 


gated decoupling system. 


a Oneron COffset Saturation Experiments 


ake NMR spectra were taken with a Bruker HFX-90 NMR 


spectrometer operating at 25.2 MHz in the Fourier transform 
mode with noise decoupling of ae ate .00=MEz. “An vexternal 
frequency synthesizer (HP 5100 B) 2s {used as the ‘source (of 


theprise Grad. aceon. 


eye 
f (a [ 
i wy as 
se 
iol 
ew Cae P i 
“spies ie 
" ppeneesenel Sait 
: ce eM ‘Maret ene bk J i ; ( 
a al 
Ce: yi it ue dill itr ait i i 
raha ai 7 iy AS 
’ t ' ae ' ¥° en - rie | : SOE 
ay / i. ' i 
- i Leeus 
rid ! i ‘La ni , u q wiht 0% ‘i 
, Beatin Be 
f , ry 
ee Sey aes 
; oh } 
4 ig ; boi 
at a A ria 
' i He % 
: by ny : \ 
bg a é- 
ty e 
Pee One A Be ; 
i y 
; r ey a ; 
rm : D ¢ ; ; ‘ ; o a y ne on 
vik ONL AR EER: RE A ghee Ri cia aah 
: ; i f iT ta x Delt Ln Ry cay Mi ee i 
< al a asa) ne ap ‘ax baad santa 
{ . ; oe, ae Set . 7 inl) 
i an ; te 
i ie 
os ay polimedulibg A sot 
H . aT 
. pra i eo } . rr pa i bie Py 
: f) : y a i 
vteiRte ‘eae we Dye 
Oasyet sy : ai re, 
innrreake wv a PON. ae 
Fi ra , , f "at 


F f ‘en ein Great ee ot iy wy mies 


i 
Y 


30 


The pulse sequence for the cae offset saturation 


experiment is the same as for the ty offset saturation 
experiment, in addition, the noise decoupling of thes ns 
maintained throughout the course of the experiment. The 
strong uve BE arrediating! tieldeis, applied. at a frequency 
offset Smads with respect to the line of interest. After 
a steady state is achieved (in a time of at least ST) ), 


a 90° observation pulse is applied and the Fourier trans- 


form of the resulting FID is collected. 


31 phosphorus Nuclear Magnetic Resonance Experiments 


ae NMR spectra of ATP were obtained on a Bruker 


HFX-90 NMR spectrometer (36.4 MHz for 315) interfaced with 
a Nicolet 1085 computer. The proton decoupled FT spectra 
were recorded with a sweep width of 2000 Hz and 8K data 
points. The 31, line-width at half-height of the a, 8 

and y ATP resonances were measured to ensure there was no 
line broadening due to paramagnetic impurities. 


Teese ee oun chat chee 


P line-widths at half-height 
varied between 1.5-3.0 Hz without EDTA. If EDTA was 
present, their line-widths at half-height were always less 


trans 12.20) Hz. 
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FIGURE 40: 


aul 


Typical experimental (proton Fl) NMR spectrum 
of adjustéd pH 11.5 water samplie in the presence 
OtGfaesenoncert Lileld sing thesbaldescnwie lens 


measurement of yB,. 
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CHAPTER FOUR 
RESULTS & DISCUSSION 


Least squares analysis was carried out on the data 
of all spin-lattice relaxation time measurements. Ty was 
determined from the slope of a plot of In (A,-A_) Visi oy 
where AL is the initial amplitude of the FID following the 


BOSS pulse at time 1, and A. is the Jimiting value of A. 


for a very long interval between 180° and 90° pulses. 


Water 
The results for the adjusted pH 11.5 water samples 


were discussed in the previous section. 


Chloroform 

The spin-lattice and spin-spin relaxation times in 
chloroform have been studied by various workers (23,24,25). 
Thesresmics cor) the relaxation of the proton of chloroform, 
at a concentration of a few percent in deuterochloroform, 


ss shown im table.»2. 


33 


Ht 


ey wat cs 


‘ 


ree) a me - 
ee Ft) oe Maa lias 


34 


201 wae 100 seconds 


LPessces Op sieseconas 


* 
Spin-lattice relaxation time obtained using (180° - Tt 
- 90°) pulse sequence 


spin-spin relaxation time obtained using Carr-Purcell 
-Meiboom technique 


ieee obtained from the offset saturation experiment 


Table 2: li The To: and T/T, measurements of the 


chloroform sample. 


The relaxation is essentially all intramolecular (23). 


The dipole-dipole T, relaxation is very weak due to dilu- 


i 
tion of spins. The spin-spin relaxation time is shortened 
by scalar interaction with the quadrupole-relaxed chlor- 
ines. The ratio T,/T, obtained from the offset saturation 
experiment, was) l/.9) 2 lL. 7 (higure: 8). Phe retio ob the 
directly measured relaxation times comes out at 17.1 + 2.0, 
Which is in good agreement with the ratio of 17.9952 1.7 
obtained by the offset saturation experiment. 

From the measured relaxation times, the coupling 


between the chloroform hydrogen and chlorine can be 


determined. The relaxation times of the spin I are given 


by 7(2)5 
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(1/T)), = DD + rire S(S+1) SL teak Sees (ea 
Te ou Ten) reer 
Tt Ss 
a? T 
(VALS). =eDD Rea 4S (S41) (ees eee [22] 
are 4 Tee Gl iy Nek 
Deas s 
where 
DD = the contribution to 1/T, and 1/T, from the 
dipolar coupling with the spins S. 
A = spin-spin coupling constant 
are the relaxation time of nucleus S. 
W57W., = resonance frequency#of tspin tlh tand spin. S. 


The contribution from the DD term is the same for T) 
and T, and independent of the nuclear frequency because 
of the very short correlation time of the dipolar coupling 
(svi Subtracting,.equation {21} trom [22] ‘one obtains 


Prae Lvy 
(—) - ( ) = 3 PSS) ie [23] 


With the value of the chlorine relaxation time 


ak (2c) = 34 jisecumat 30 CC. (21))) onescaneconputos the 


th 
value for the H-Cl coupling constant from equation [23]. 
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36 
The result ts that 


Juecp = AP 2) P=) 6.932 


This value is in agreement with that of Farrar and 
Becker (26), and nicely in!the+middle of the range (4to 


Miia yoL reported walues © (23). 


Adenosine 5'-Triphosphate 

Adenosine 5'-triphosphate is one of the most important 
coenzymes ‘and, a4 major "Supplier of energy in “most biological 
reactions and organisms (27,28). An ATP molecule consists 
of an adenine base, a ribose sugar and three phosphate 
groups (29). In aqueous solutions at neutral pH, most of 
the ATP molecules (about 80%) exist as tetravalent anions 
(arp 4), and the rest (about 20%) as ATPH > with the ter- 
minal phosphate protonated (30). At physiological temper- 
ature, both anions are mainly in the antzt-conformation in 
which the C-8 end of the adenine ring is facing the phos- 
phate grcup (17, 52). 

The spin-lattice relaxation time and the ratio T/T, 
of ATP is shown in Figure 9. From the T, measurements, 
one can see that the proton H-8 in ATP is more strongly 
relaxed than proton H-2. ““Ihis 47s due to its a7¢7-conform-— 
action with ‘proton H-6 close “tO -a number Of ribose hydro- 
gens. ‘Phe measured spin-lattice relaxation times are in 


excellent agreement with values reported by Lam and 


KOLEWwY Ce «(33))). 
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The ratios T/T, are Similar, which is expected, 
Ssincesthestwo protons share the motion of the) nigid ‘ring 
to which they are both attached. 

From the ratio T)/T 5, one can evaluate the correlation 
time of the ATP molecule by considering the expressions 
for 1/T, and 1/T, fora system” or Tike? spins. It can#be 


shown that? (3°) 


2) ne Glens) Te Ane 
i/t, = —b—_ IS ¢§ I [24] 
Sie Uso 8 1+4w T 
OF cc O 
aa I (I+1) ST. 27 | 
ne 6 Foes oe ae [25] 
OG i eNO Ta 1+4W_T 
Onn Orc 
where 
Ver-aamagnetogyvElcrratie Of sproron 
T = average reorientational correlation time 
I = spin quantum number 
Hee=9 Pienck is¥constant7 27 
cae 27Vor resonance® frequency 


= the distance between the nuclei 
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Brompequations= (24 )Mand [25] one can write; 


oT 2T 
3 T+ + 
: 1+w = 2 1+4w - “ 
7< : - é [26] 
ih — ee 
“4 2 T 4T 
ara vie 
iy ed 1+4w “Tt 
@ Oo 


However, equation [26] can be written ina simplified 


form as, 


T/T, + 1+ wo a | [27] 


When comparing these two equations, one finds only a 
maximum of 17% discrepancy between values obtained from 
the two separate equations in the range of ratios T/T. 
under consideration (Appendix 4), and so equation [27] 
gives a good first approximation, which can be refined 
using equation [26]. 

Using the eof: Taya, for the ATP molecules, the 
eorrelation. timesuror H=-2) and “H-c= protons: as (2.045 x tht 
Secondspat 72> Casa). ehe sligntly (lowervratlo for H=2) 


which has a shorter correlation time, suggests that some 


intermolecular relaxation is taking place. 
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Adenylyl (3'>5') Adenosine 

An investigation into the intramolecular base - 
stacking interaction of adenylyl (3'-5') adenosine was 
carried out. An ApA molecule consists of two adenine 
bases, two ribose sugars and one phosphate group as shown 
in Figure 10. .Due to asymmetric esterification,of the 
Sugar moieties of the two nucleosides to the phosphate 
group (3'-v's 5'-), the two adenine rings of ApA are not 
geometrically equivalent. The proton spectrum of ApA (35) 
clearly indicates that the same protons (H-2 or H-8) on 
the two adenine rings are not magnetically equivalent. 

It is well established that biological bases, nucleo- 
Sides, and nucleotides associate extensively in aqueous 
solution,..and thatythey interact. principal lys~via,venrtical 
stacking of the pyrimidine and purine rings. These 
interactions have been studied by vapour pressure osmometry 
(36.3'/736)),.Sedi1menlabiOnwequil 1 bmiune(39, 40), nandaby 
proton magnetic resonance spectroscopy (41,42,43). 


Themspin-lattice Gelaxationg times 2 for protons 


1! 
Hes 5) u-8 (3) 6 H-2(52) -and.h-2 034) were measuredsasaa 
function of ApA concentration at the temperatures 33°C 
and 5°C. These Ty values are tabulated in Table 4. 

in Order, touexplain the relaxation data, sourspossiblc 


stacked conformations of ApA were constructed as shown in 


Figure 11. These illustrations of the various stacked 
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conformations are based on the molecular structure of the 
ApA molecule built from Dreiding models. In Figure 1], 
the conformations are viewed along the axis of the ribose - 
phosphate backbone in the direction of 5'-to 3'-phosphate 
esterification. The 3'-antt, 5'-antt conformation is 
designated by Figs tl—al The 37— anttyp"5 "sgn (Pig?e *L1-b) , 
3*= syn, 5S*=-antt (Fig. ll-c) and 3'-syn, 5'-syn (Pig. 11i-d) 
stacked conformations have been obtained by rotating either 
or both of the adenine rings 180° about the respective 
C)'-No glycosidic bond from the DNA-like base orientations. 
From the spin-lattice relaxation times, one sees that 
both protons H-8 are more strongly relaxed than protons 
H-2 on the two adenine rings. Proton H-8(5') being the 
most strongly relaxed, will experience relaxation contri- 
butions from the ribose hydrogens Of both 3° and 5° bases, 
Oise ewieny Cie woe —-DaSGaas sani. VE LOLOn Ho (50)) Wid beoxpenr— 
ience intramolecular relaxation from the ribose hydrogens 
of 3'-base, only when the 3'-base is antt. A similar 
generalization can be made for the H-2 protons. Thus 
PEOLONMH— 23 4) ewill vexperiencesarrel_axatlon ecrtectwrrom 
the opposing 5'-base only when the 3'-base is antt. Proton 
H-2(5'), having the longest spin-lattice relaxation time, 
will be more exposed to the environment Only when the 
5'-base is anti. This clearly indicates that both adenine 
bases are preferentially oriented in the antt conformation 


relative.to their respective furanose rings (Fig. ll-a). 
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This#conformationais consistenttwithtthe studivesrvot 
various workers based on chemical shifts (32,44,45), 
coupling constants (46) and optical activity investigations 
(47). 

The spin-lattice relaxation times increase with a 
decrease ian concentrationy Thistissdue toa decrease” in 
the correlation time - of ApA as the concentration decre- 
ases which in turn affects the spin-lattice relaxation 


times. By comparing the T, relaxation data at 33°C and 


ay 
5°C, One Lindsethatethe T) values decrease due to increase 
in correlation time a of ApA in going from a higher tem- 
perature to a lower one. The slowing down of the motion 


Clearly indicate the stacking interaction between the two 


adenine rings increases at lower temperature. 


ApA Offset Saturatlonw as periments 


The ratios T/T, of the four adenine protons were 
obtained at different concentrations and temperatures 
using the offset saturation technique. The results are 
shown in Table 4. 

The ratios T/T. for protons H-8 and H-2 of the two 
adenine rings can be measured in a Single offset saturation 
ran. “Thevresultsmare shown ianeFagure 125° The arrows# show 
tie ipocintssoLsirradiationwamongethestourelanesvarasing 
fromt the tadenime protons loft thesdinucteotadeeApAriatThe 


differences in T,/T, between two temperatures again 
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Cer lLeCutie Increase in COLrelacion time at lower =tem— 
perature. | As the concentration decreases the ratios T/T, 
décréase at both temperatures, which are consistent with 
a shorter correlation time. 

The “average reorientational correlation time T_ of 
the four adenine protons was calculated from spin-lattice 
relaxation times as well as ratios T/T, forrene our 


possible stacked *conformers at'33"C and “5 °C? "The results 


ace tabulated "im Table 6,7, 3 "and 9. 
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DD cee AZ -6 
Ty a a in Ba x ae Tih [28] 
J 1 “J 1j 
where 
iis 
nar Magnecogyrre Lacioefor oH 
Cy H = distance between the proton of interest (i) 
sas 
and proton (j) 
as =the Peorrencational «correlation, time 
an 


The spin-lattice relaxation time provides a vehicle 
Porethe evaluation Of the correlation time at ithe winter— 
nuclear distance r is known. This scheme is averaging 
not r but rather raised to the minus six power, and hence, 


the method will only be applicable to interatomic distances 
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° 


which are less than approximately 5 A, the value beyond which 
the differential relaxation rate becomes insignificant. With 


this point in mind, the interatomic distances CaeH of the 
ij 


four adenine ring protons were measured from the Dreiding 
model .forythe,. four possible«stacked conformers.,. in, construc— 
ting the Dreiding model of ApA, the two adenine rings were 
placed at least 3.4 A apart (48). 

The second approach to evaluate the correlation time 


is to use the approximate form of equation [26], 
T,/T, = hae aT [27] 


Knowing the ratio T)/Tos the value of ie can be 
estimated. 

One can make further conclusions about the stacked con- 
formation of ApA by the comparison of De values obtained from 
spin-lattice relaxation and T/T, data. "NOtably, thie corre— 
faction, times of proton “H-2(5"), obtained from relaxation data 
at both different concentrations and temperatures, are in 
good agreement only when it is in 3'-antt, 5'-antt conforma- 
tion. “The difference in Te values obtained from the other 
three conformations may differ by as much as 20 times each 
other. 

In order to show the sensitivity of the agreement of 
correlation time between the four possible conformations, the 
following index is used. 
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tk a 
I= ; log eo [28] 
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te = the correlation time obtained from the offset 
if saturation experiment 
Te = the correlation time obtained from the spin-lattice 
2 relaxation time 
N = the) number of values!of't. /T used for each 
conformation Solty a2 


The indices for the overall four protons and for the 


proton H-2(5') only are presented in Table 3. 


conformation overall four protons protonei-2(57 )only 


3 =—anti, 5° —antl 
3° =—antivaou-syn 
3'=syn, 5'-anti 
Sesyny oo =syn 


Table 3: Results of the sensitivity of the agreement of 
correlation time between the four possible con- 
formations of ApA. 

When all four protons are considered, the results favor 
the S*=—antt, 5 —aneL Conrormation, by a Small amount.”  How= 
ever, it is evident that proton H-2(5'), having the widest 
range of relaxation times affected by the conformation var- 
iation, and hence the most sensitive proton to conformational 
changes, is heavily in favor of the 3'-antt, 5'-antt confor- 
Matron. AGai1ns tes, possible; -toscenclude that, the two 
adenine rings in ApA are stacked with each of the bases 
preferentially oriented in the DNA-like conformation (3'- 


antt, 5'-antt) relative to its ribose moiety. 
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The chemical shaftsvof otherfourvadenine’protonsvof 
ApA are plotted vs. the concentration at temperatures 
s38Chande5: Clin khiguneésl)3 o&0l4s @fhevefiect sofvconcentra= 
tion on the spectrum of ApA has also been studied by Ts'o 
et al (32). Their basic observations are essentially in 
agreement with the results shown. The downfield shifts 
observed for all the proton resonances with decreasing 
concentration can be attributed to the breakdown of 


stacked intermolecular complexes. 


eercon Nuclear Magnetic Resonance Experiments 


Carbon spin-lattice relaxation data are becoming in- 
creaSingly used in chemistry. Carbon Ty OL inciviauwaL 
resonances of high resolution NMR spectra may be determined 
Via Fourier transformation fo the free induction signal 
excited by the (180° - t - 90°) pulse sequence (49). The 
results provide information on molecular motion co 0) Pwrand. 
in 13 Carbon spectroscopy with predominantly dipolar relax- 
ation, about the number of directly attached protons (51). 

The carbon spin-lattice and spin-spin relaxation times 
of benzene are known to be equal (52). The measured Ty 
Was 24.712 20lvyesSeCconds. Based. on this: imtomatiron, the 
relaxation times of benzene is used to calibrate B. In 
the roe offset saturation experiment on the Bruker HFX-90 


NMR, spectrometer. ~The ri arradiating field, was found ‘to 
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The Cachan spectrum of ortho-dichlorobenzene was 


used to demonstrate the offset saturation technique. 
Incoherent off-resonance proton decoupling served to assign 
the. three carbonarcsonances, toaCC la low-shieldings line), 
CEC]; wand. CCGCis {high-shieldingp line) VSpinclattice 
relaxation, measured by the inversion recovery technique, 
Was Very; Slow for 7CCi (T, Seco eee emo CCOnG iad Era buced 

to lack of directly bonded protons, and much faster for 
Ceci (T, ee 2 Om Oia > SCCON) Banga Ce. (TS SG Or tet. 
second). 


The relaxation. times, Ts. andar Gr the carbons of 


1 De 


ortho-dichlorobenzene have been investigated (53). For 


the proton bearing carbons T, equals T., as expected, but 


Ab 


for the chlorine bearing carbons T 


2 
1 Swe Onc. ase DRO con 
dipole relaxation is relatively inefficient due to the 
increased distance between the nuclei. T. on the other 
hand is much shorter due to scalar relaxation with the 
quadrupolar chlorine nucleus. 

Using the offset saturation technique, the ratio 
T,/T, bor sCGCls was 1.02) 2 070 ANandeCCCCl was 1072968240707 
so that their spin-lattice and spin-spin relaxation times 
are essentially equal. 

Unfortunately, as was noted in the experimental 


section that it was not possible to determine ratio T/T, 


Por carbon CCl cue wo imstrumental Lami tation. 
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ine conclusion, the’ application of ithe offset ‘satura= 
tion technique in the measurement of relaxation in both 
proton and 13 carbon Fourier transform NMR experiment have 
been demonstrated and discussed. One can appreciate the 
Simplicity of this theory and the versatility of the 
offset saturation experiment. 

Further work in this field could include the develop- 
ment of this technique in ae and as NMR relaxation 
measurements. Future investigations into the validity of 


this technique in a coupled spin system and in mutually 


relaxing spin systems are also needed. 
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Tp oS ae ae 
Ooi lies ce 
lane =0'°74 sec. 


H(2) 
it =O Sec 
ONO 8/5 =a 3 
FT, = 3-50 sec. 


Tr obtained using ( 180°- t - 90° ) pulse sequence 
* Value obtained from offset saturation experiment 


ra obtained using Carr-Purcell-Meiboom method 


PIGuen 9: The spine lagesce- spin-spin cebLaxatron times and 


ratio T,/T, Values Of AGenosinemo. triphosphate. 
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FIGURE 10: Adenylyl ( 3'+5' ) Adenosine (ApA) 
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APPENDIX 1: Summary of nuclear relaxation mechanisms 


resulting from random molecular motion. 


Mechanism 


1. dipole - dipole 
a) nuclear - nuclear 


b) electron - nuclear 


2. spin - rotation 


3. chemical shift 


anisotropy 


4-7 scalar, coupling 
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5. quadrupolar (eq 2)* 
where 
Ba = mean square average local magnetic field; 
Vee = nuclear magnetogyric ratios of nuclei I and S; 
Ti =") Planck's constant. 7 27; 
Cpr Cay = perpendicular and parallel spin rotation 
coupling «constants; 
O,1554 = perpendicular and parallel shielding constants; 


k =) Boltzmann’ Ss constant; 
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distance between nucleus I and nucleus S; 


scatarecoupling constant; 
quadrupole moment; 


electrich treld Gradvent. 
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APPEND UXeZey ne: analysis of data for the: ofiset ‘saturation 


experiment. 


Thes@plochBequation for the steady state z magnetization 


ES, 
1 + T,* (wo -w)* 
M = MOSS [1] 
Z O 2 ae? 2a 
ibs T, (W, w)° + ¥ B, TT, 
WELD, Ay 
In the event of. y By T,T, >> 1, equation [1] becomes 
T>~ (uw -w) * 
M/M2 =o > 
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where 
Kee a = Av 
re) 
Yo Mee 
c 
2 
a’ = (yB,/2m) z 


2 
Rearranging equation [5], 


ay = A? (M/M., - 1) 
[6] 
BNSC. EQ 


One can evaluate Ae) at each point and get a 


best mean value of a. Then 


¢,/T, = —“—_,~ [7] 
ay. ORY. A(YB/2m) - 


The value, O©lyY-1l outside7the range 0.2 to 5.0 will 
contain large errors due to subtraction of near-equal 


numbers, and these values should not be included in the 


analysis. 
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A typical computer printout of data analysis for the 
offset saturation experiment is listed as follows: 


ANALYSIS OF MZ/MO POINTS BETWEEN 0.20 and 0.80 
GAMMAB2/(2*PI) = 5.8000 HZ 
MO:- MEAN OF 4 DETERMINATIONS IS = 392.7500 


STD. DEV. =.0.9574. (0.242) 
OFFSET (HZ) MZ MZ/MO Y=MO/MZ OFFSET**2* (2*yY-1) 
0.0000 0.0000 0.0000 
3.0000 88.0000 0.2241 4.4631 31.1676 
4.5000 15020000 6-0+ 30107 226153 32.7742 
6.0000 195.0000 0.4965 2.0141 36.5077 
7.5000 238.0000 0.6060 1.6502 36.5743 
9.0000 27580000) 07 002teL. 4282 34.6827 
10.5000 20520000 ~0.7766 sxwse77 Bie 19.4 
12.0000 32500000": 0.8275 122085 30.0184 
18.9000 340.0000 0.8657 1.1551 50.2675 
24.0000 353.0000 0.8988 1.1126 64.8611 
-3.0000 90.0000 0.2292 4.3639 30.2750 
-~6.0000 200.0000 0.5092 1.9637 34.6950 
-9.0000 268.0000 0.6824 1.4655 87.7043 
-12.0000 B20 70000u 082507) Law lor 30.5555 
~18.0000 342.0000 0.8708 1.1484 48.0789 


MEAN = 34.0108 
STD. DEVls=62.6503° (7/2093) 
OFFSET(HZ) MZ/MO(CALC) MZ/MO(PRED) 
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-12.0000 Ono 250 0.8089 
-18.0000 0.8708 O29 050 
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APPENDEX 8:/ "The effect» of’the magnitude of the saturation 
factor on the absorption, dispersion and Zz 


components of the nuclear magnetization. 


The steady state Bloch equations are given by 
equations: Plehi2|-and@lusik? {in theievent that the 


Sacuratdoneractoer,) 15 yT)T, PaeeSrmuch warge than, unLey, 


2 


the z component of the magnetization is given by 


equation [14]. 
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APPENDIX 4: 
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T,/T, (approx. ) 
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